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h' analysis o f .  eelected  experfmental  pressure-distribution data at 
transonic speeds haa been made for the purpose of deriving an e q i r i c a l '  
method  which may be used for  estimating the trailing-edge load8 and 
bending moments a t  the desi@ stage 

The results  presented  indicate that the trailing-edge normal-force 
and bendkg-momisnt cwfficients  calculated by- t h e  derived method follow 
the  general  trend of the experimental data and appear t o  be a guide 
where specifically  applicable chordwise pressure-distribution data at  
transonic speeds -e not available. The experhental data indicate icl 

that t? suggested methods now be-. need fo establish the -Antensity 
and &-load distribution over the trailing edge axe not  valid in the 
entire transonic range f o r  a wide lift-coefficient range and variation 
of a i r foi l   t spes .  Symmetrical airfoils wltA thickness at or  
near midchord appear t o '  reduce the trailing-edge. loads and be- 
moments aesociated with trazllsonic speeds. 

The tendency  toward thhner wings and the rearward mvement of the 
loads center with increaehg speeds makes the design of the overhaaging . 
or  trailing-edge  portion of the a i r f o i l  more Important than  heretofore. 

e&g0 portion is by recourse t o  measured pressure distributicxne coverrzlg 
the desired  range of Mach n&er and l i f t  coefficients  for the p&icu- 
lar a i r f o i l  section. An alternative and acceptable method *en speeds 
are  below the c r i t i c a l  is t o  use cnmputed pressure  distributions. . 

. A t  present, the most satisfactory method for   desigdng the trailing- 

The usual case, however, is generally an emeption t o  t he  preceding 
case BO tbat these ob?ioas methads cannot  be employed, and it then 
becomes necessary t o  use either  empirical rulee or be guided by remilts 
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frm nearly comparable data. Since the problem of determfning the 
traillng-edge load is related t o  a number. of variables such as Reynolb 
nwnber,  Mach  number, angle of attack, a i r f o i l  section, roughness, 
trailing-edge angle, and so forth, it is immediately apparent that II 

existing data m e  not sufficient--to  eEtabliah f fne guides which nlll 
a l l o w  a l l  of these effects t o  be separated, any more than it is 
possible t o  do so for hinge-mamnt data. 

'lb 

A t  present  there are available two suggestions for design require- 
ments in  the transonic range &ich may be used t o  establish the Fnten- 
e i ty  of the loading over the  trail ing edge. Both of these are  based on 
experimental results obtaFned over a par t icuhz airpoi1 section and 
c o ~ e r  only limited range of Mach number and lift The purpose of t h i s  
paper is t o  analyze existing data regardless of range of Mach number o r  
'section Fn order t o  establiElh a more genetral ampfrical guide which may 
be w e d  &ere either experirnen-t;al data o r  available methods for can- 
puttug the pressure  distributions are. Inade4Uateo 

The- method derived is based primarily on the analysis of' t h e  
pressure  distributions  obtained fram.12 different NACA a i r f o i l s ,  
covering a l l  general  tspes and, Fnsofar as possible, other geometric 
variables. This paper presents a comparism of the elcperimental. 
trailing-edge loads w i t h  those obtained by use of the derived method. 
Also presented f o r  comparison are results obtained from requirements 
now being med. 

M 

R 

a 

C 

cf 

X 

PO 

B 

angle of attack, degrees 

section chord, feet  

ohord of trailing edge considered, fraction of section chord 

distance along chord from leading edge of  a i r f o i l  section, 
fraction of chord 

s t a t i c  preesure In undisturbed stream, porn& per q u a r e  foot 

loca l   s ta t ic  pressure at-point on airfoil section, pounda per 
s q m e  foot 
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t 

- t / c  

c, 

dynamic pressme, pounde per squara foot  

pressure coefficient 
-.. 

(P 9 . 

maxjmum thickness of section,  feet 

thiclmess r a t io  

section no&-foroe coefficient 

trailing-edge normal-force coefficient based on cy 

trailing-edge bendingimament ooeffioient of trailing-edge 
normal force  taken about (1.0 - of) polnt 

K empirioal constant t o  tmlude effect of camber on t ra i l ing-  
edge load 

x apirioal oonstant to include  effect of camber on trailing- 
edge load  distribution 

Subscripts : 

. o  free stream 

L Lower ~ur face  

c r   c r i t i ca l  

I 
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The afrfoils  selected for analysis are l ieted in table I. The 
selections made cover the  varioue  types such 88 the mAcA4- and 5-digit 
eeries, the laminar-flow, and the supersonic airfoils.  Within each 
type, an attempt has been made t o  make the selection so that a range of 
thickness r a t io  and camber w o u l d  be represented and at the same time an 
adequate  range of Mach nmiber and angle of attack  could be covered. 
Although this la t ter   s t ipul~%tion w88 made, ekprimsntal  pressure 
distributions for Mach nmibers above 0 .e covering a wide lift- 
coefficient range 858 very meager due t o  either limitatfons resulting 
from model strength requirements or t o  the validity of wind-tunnel data 
near choking speed6 Airfoils in woup 1 represent supersonio a i r fo i l s ;  - I 
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whereas a i r f o i u  in  group 2 represent leminar-flow & f o i l s  where thick- 
. ness and camber me'varied. Airpoila of group 3 include  variations both 
3n type and series. 

The evaluation of the data consisted of inteGatFng pressure 
distributions such as are given Fn figures 1 and 2 over the  rear 20, 25, 
and 30 percent of the chord a% various Mach numbers  and a i r f o i l  no&- 
force CoefficientB. The results of these  Integrations are given in 
figures 3( a) t o  3(0) where the n o m - f o r c e  ooefficient of the rear 
portion based. on the equation 

is plotted  against Mach  number with chord r a t i o  and normal-force 
coefficient ~ E I  pammeters. 

SFmi la~ ly ,  the moment coefficient of the  trailing-edge  load about 
the  selected  positions was a lso  detemined by graphical  integration. 
These results are given In. figures &(a) t o  4(0) where the bending- 
m n t  coefficient, def Fned by the equation 

is plotted against Mach  number w i t h  section n0rmal-f orce coefficient 
and chord r a t i o  as parameters. 

Using the experimental r e d t e  ~n figures 3 and 4, an emsiricd . 
method has been derived t o  pre.dict the general behavior and magnitude 
of ths trailing-edge nomial-force and bending-moment coefficients over 
at least  the aft 30 percent of the a i r f o i l  sections in the entire 
transonic  region. The variables wed muld be available at the design 
st= and include  thickness  ratio,  section normal-force coefficient, 
camber, Mach number, and the magnitude at   subcri t ical  speeds of the 
trailing-edge normal-force azid bending-moment coefficients f o r  a 
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For % <  0.10 and M = 0.80 to M = 1.0 
C 

For M = 1.0 to M = 1.5 
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For M = 1.0 to M = 1.5 

c* = -x- 

K = O  for  symmetrical airfoils 

K 3 0 .u) for up to 2-percent cambered a i r f o i l e  

IC = 0.20 for greater than 2-percent  cambered a h f o i l s  

” 

x = 0.55 for oambered airfoil8 

The empirical  conatants K and X were  determined to acoount for the 
effectlj of camber on,the trailing-edge  load and load  distribution at zero 

’ lift . The values for %f and CMf for M = 0.60 are  obtained for 
each  specifio  tspe of airfoil section  at varioue section  normal-force 
coefficients  either from experimental  results  or frcm acceptable analyti- 
cal methods. Since the magnitude of o w  and for a given motion 
normal-force  coefficient will not vary appreciably below the oritical 
M a c h  number, the  subcritical  values of cpf and c w  may be w e d  when 
experimental data at M = 0.60 are  not available for‘ a specific  type of 
airfoil  section  or  when Mcr is below 0.60. For Maoh nmbers greater 
than unity, the trailkg-edge normal-force- and bending-moment-coefficient 
trends  obtained on several ciroular-mc profiles by the semiempirical 
method of refereme 7 -re used ae a basis of determining equa- 
tions l(d) and 2(d) e 

Usrzlg equations (1) and (21, the trailing-edge normal-form and 
benwg-mmwnt ooefficients are plotted BB lines A In figures 3 and 4, 
respectively, as a function of Mach rimer d t h  section  normal-force 
coefficfekt 88 the  parameter. 

For purposes of canparison, reaulte  calculated by two previouely 
suggested msthod~ are also included in figures 3 and 4 as curves B and 
lines C. The results ahom by curve B were obtalned frcan an e q i r i o a l  
method  suggested by the Bureau of  ‘Aeronautics, Deptwtmnt of t he  Navy, 
which -.based largely on t he  exgerimental  results of reference 8. 
The method ie intended to predict the loads for at lewt t h e  aft 30 per- 
cent of the airfoil seotian. For the trailing-edge normal-foroe coeffi- 
cient, a ompese ibi l i ty  i n o r m t  &nf defined by the empirical 
f O r m U L a  t 
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is added to t h e  value  of the  normal-force coeffioient of the t ra i l ing-  
edge portion  cansidered a t  %r o r  M P 0 .&, aichever  is the greater = 
For values of M/&r greater than 2.0 the value of this trailing-edge 
cmpressibil i ty increment need not exceed 0 -35. 

i e  added t o  the bendlng-raornent-coefficfant value at plcr or  M = 0.60 
when b& is below 0.60 . 

The resul ts  shown by line C in figures 3 and 4 are based on the 
recammendation in reference 4 that the aft 30 percent of the w3ng chord 
be designed for a uniform chordwise loa- of 0 -40s. at Bupercritical 
Mach nmibere. In the preeent cam, than, Ilne C in figure 3 h w  a 
constant d u e  of 0.40 for cnf and In figure 4, a constant  value 
of -0.20 f o r  c~p. 

-om examination of figures 3 and 4 it can be se.an that the 
trailing-edge normal-force- and bending-moment-coefficient results 
calculated by the method presented in t h i B  paper (Unee A) follow the 
general trend of the experimental datia. The exgerimantal data m e  
characterized by a flat portion at the l o w r  Mach nuubers followed by a 
r q i d  izlcrease, which ‘ In  most oases continued t o  t h e  highest t e s t  Mach 
nMiber. Ih the case8 where the  eqperimental data do not fol low this 
trend, it was concluded that the deviatiom were oaused by a large awn- 
ber of variables xbich couldnot be conveniently accounted for in a 
general emgirical method- In v i e w  of the f m t  that the proposed 
empirical method, in general, ahowed a slight degree of ooneervatism 
even in them cases, it may be used 88 a guide when exgerimental data 
axe not  available.  

The validity of the proposed empirical method for Mach numbers near 
and greater  than  unity mi#t well be questiMed since no exprlmental 
data in this range are preeented for  onmparism. Lndications from data 
not avkilable f o r  publication, however, ahow that the empirical method 
i e  as good a guide in this region 88 it is in the lower tranecmic Maoh 
nmber  range. 

I 
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The two methods (curves B and Unes C )  suggested  previouely were 
not adequate for  predicting t h e  trailfng-edge loads f o r  the large 
miatia of aifrPoil types, section normal-force coefficients, and Mach 
nmibers shown. Since these two methods were based on limited  experi- 
mental  data, they could hardly be expected t o  predlct  the  general  trenda 
wbich are observed only af te r  a great deal of experimental  transonic 
data axe exmhed. 

mom the e m t i a n  df  the experimental trailing-edge no-- 
force- and bending-moment-coefficlent data presented in figures 3 and 4 
cer ta in  general  trend6 can be observed. Below the c r i t i c a l  Mach num- 
ber the trailing-edge normal-force and bending-momsnt coeff iciente 
increase with chord ra t io  and section normal-force coefficiant Fn 
accordance with theory. Abwe,the c r i t i ca l  Mach n m h r  th i s  ie not 
necessari~y the  case ( m e  figs. 3(n) and 4(n)) ag the n o m  force and 
bending mcrmant OR the t ra i l ing  edge may actually decrease wlth these 
variables and the curves cross over. Apart from this difference in the 
relative  position of the curves whioh occur above a given Mmh nmiber, 
there. is the general tendency for the normal-f orce and bending-moment 
coefficients  to  increase rapidly t o  the highest Mach number reached in  
the tes ts .  In 80m cases, hawever, (for example, figs. 3( g) and 4( g) ) 
a peak is reaahed followed by a rapid drop and still a more rapid  r ise 
t o  the  hi&est Mach num3er tested, but t h i s  effect,seems t o  be. 
minimized as the section normal force is Fncreased. Although the 
effect of' the numerous variables Involved could not be isolated, it . 
appears that symmetrical a f r f o i l s  with mRalrmnn thickness at o r  near 
mfdchord reduce the trailing-edge loads and bending mamate aeeociated 
with transonio speeds. 

I 

! 
I 

Certain trenda can also be obsemed within ewh group of a i r f o i l e  
considered.. h ghup 1, the mawtude of the trailing-edge normal- 
force and bending-mcrment coefficients  far  the thin supersonic a i r fo i l s  
(fige.  3(a) t o  3 ( c )  and 4(a) t o  4(c)) was amaU f o r  Mach nmiberfl below 
appro-teu 0.80. MOT- the position of e t h i cbess  from 
the 30-pement-chord positicm t o  the 50-percent-chord position resulted 
in the c h a n g e .  in si- of the loading and momsnt coefficient over 'various 
portions of the   t ra i l ing edge. In group 2, the data f o r  the hnhmr- 
flow a i r f o i b  (figs. 3(d) t o  3(k) a d  4(d) t o  4(k)) Fndicate that  t h e  
Mach nmber st which the Initial rapid increme in the traillng-edge 
n o m - f o r c e  and bending-nt ooefficient occurred w 8 ~  a funotion of 

- the thickness r a t i o  and, t o  a small extant, a function o f t h e  section 
. normal-force coefficient. (For e-le, Bee figem 3 ( f ) ,  3(J) ,  4(f), 

and 4( j 1 . ) In group .3, the ah- In series data indicates that the 
highly cambered airfoils (figs. 3 ( 2 ) ,  3(m), 4(2), and 4(m)) experience 
large trailing-edge loads and bending mmmnts at the low-lift  conditions 
aB colqpared t o  the values obtalned f o r  the 8 p m 3 t r i C a l  and medium 
cambered conventional airf 'oih  (figa. 3(n), 3 ( 0 ) ,  4(n), and 4(0)). 

.r 
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The results sf the analysis of the trailing-edge loads at transanic 
speeds Fndicated the f ollowlng conclusions: 

1.-The  trailing-edge normal-force and bendkg-mamant coefficients 
calculated by the  derived Illethod f o l l o w  the general trend of the 
experimantal  data and appear t o  be a @de where specfficaUy  appli- 
cable chordwise pressure-distribution data a t  transonic spee& me 
not available. 

2. The two suggested methode now being w e d  t o  establish the 
intensity  and'air-load  distribution over the trailing edges of t he  air- 
f o i l  sections are not adequate over the entire traneonic range fo r  8 
large variation of aidoil types and section normal-force coefficients. 

3. Although the effects of the numeroue variables involved could 
not be isolated, it appears that symnetrical a i r fo i l s  with maximum 
tpliclmess at o r  near the midchord reduce the t r a i w - e d g e  loa& a n d  
bend3ng moments associated w l t h  transonic speeds. 

Langley Aeronautical Laboratorg 
National Advisory Comaittee f o r  Aeronautics 

Langley Air Force Base, Va. 
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' TABLE1 

r 

i 

Gmug Airfoil seotion 

W A  65-m8 

mAGA 65-208 

N.@A 65-210 

W A  654x2 

W A  l6-307 

M 

0.40 t o  0.925 

0.20 to 0.9 

0.40 to 0.525 

0.20 t o  0.g 

/ 

0.70 to 0.86 

. .  

0.30 t o  0.85 
0.30 t o  0.85 

0.30 to 0.85 

0.70 to l r 5  

0.70 to 1.5 

0.70 to'1.5 

0.70 to 1.5 

1.25 to 1.9 

1.50 to 4.5 

0.9 to 1.4 

1.5 to 4.5 

20 t o  36 

1.0 to 2.0 

1.0 tc. 2.0 

2.0 to 4.5 

1.0 to 2.0 

1.0 to 2.0 

L O  to 2.0 

I 
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Figure 1. - Typical pressure distributions obtained f o r  wing  model having 
an NACA 65-210 a i r f o i l  section‘for various values of angle of attack 

unpublished Langley 8-f oot high-speed-tunnel results. ) 
. . and Mach number; 30-percent semispan station. (Reference 3 and 

i 

I 
I 

I 

I 



NACA RM LgH08 

-/. 0 

0 

-LO 

0 

8 

I 

-LO 

0 

-/. 0 

0 

LO 

0 

- / D  I I I I 

0 .4O 80 

Figure 2. - Typical  pressure dis t r ibut ions obtafned f o r  a propeller 
having a n  NclCA 16-307 airfoil section at 80-percent radius station 
fo r  var ious  values of angle of attack and Mach number. (Unpublished 
Langley 16-foot high-speed-tunnel results. ) - 



. . .  

Mefbods 
.. . 

-/w 

Figure 3.  - Cap~~leon of experimental anb calc&ted trailing-*e mmal-force coefficients. 
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(a) WCA S ( 3 O )  (03)-(30) (03) a l r f o l l  sectlon. (Uncorreoted r e d t s )  

Flgure 3 . -  ooatlpuea. 
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( 0 )  W A  B(50) (03) -( 5 0 )  (03) airPoil mction. tTJncorreoted results) 

Figure 3. - continued. 
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( e )  Horizontal-tail mdel having an NACA 65-1.08 airfoil sectlon equipped with a 0.30~ p l a i n  elevator; 
40-percent S d 8 p a n  statlon. z! 
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Fi@;ure 3. - CantFnuea. 



* 

.6 

, '  A 

0 

Figure 3 .  - ContFnued. 
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(m) NACA 4415 sh-foF1 section. 

F i g u r e  3. - Continued. 
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( 0 )  RACA 23015 airfoil seotlon. 

Figure 3. - Can~luded.. 
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(a) HACA 2S(30)(03)-(30)(03) airPofi  section. (morrectea results) 

plgure 4.- ccratinued. 
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(c)  MOA 23(%)(03)-(50)(03) airfofi sectirm. (RtcomeoM resuILts) 

Figure 4. - Conthud,. 
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(j) WCA 6 5 - ~ 5  (4.5) a h f o i l  section. . I 
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(k) HAcA 66,2-u5 (8.~0.6) sirpoil motion. 

sigure 4.- continued. 
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(n) mAciA 0015 airfoil section. 

Figure 4. - C o n t h u d .  
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( 0 )  MCA 23015 alrfail seation. 

mgure 4. - concludeb. 
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